The Raman spectrum of Ba 2 CuGe 2 O 7 , a tetragonal insulator which develops DzyaloshinskyMoriya helical magnetism below T N = 3.2 K, has been detected at temperatures varying from 300 to 80 K in a single crystal, with the radiation polarized either in the ab plane or along the c axis of its tetragonal cell. 29 phonon lines out of the 35 allowed by the Raman selection rules for the present geometry were observed, and their vibrational frequencies were found in overall good agreement with those provided by shell-model calculations. Together with the previous report on the infrared-active phonons [A. Nucara et al., Phys. Rev. B 90, 014304 (2014)] the present study provides an exhaustive description, both experimental and theoretical, of the lattice dynamics in Ba 2 CuGe 2 O 7 .
I. INTRODUCTION
Ba 2 CuGe 2 O 7 (BCGO) is an insulating oxide that has been recently the object of several studies after the discovery that it develops helical magnetism at liquid helium temperatures 1-3 via the Dzyaloshinsky-Moriya (DM) mechanism 4,5 . This behavior is unique even in the Ba 2 XGe 2 O 7 family, as the members with X=Mn or Co are magnetoelectric antiferromagnets (AF) at low temperatures. Below T N = 3.2 K, BCGO displays a quasi-AF cycloidal, incommensurate magnetism and, despite the absence of a center of inversion symmetry in the crystal structure, it does not display spontaneous ferroelectricity 6 . Nevertheless, BCGO is usually considered a multiferroic material because it develops macroscopic electric polarization in an external magnetic field 7 . Figure other through the DM mechanism producing the helical magnetic structure. The infrared (IR) spectra did not reveal any structural transition between 7 and 300 K. It was detected instead a strong enhancement of the infrared intensity at low temperature, which suggests a redistribution of the electron charge in the unit cell with a possible increase of the dielectric constant 10 . It is worth noting that strong effects on the infrared phonon lines were observed at low-temperature on the (under)doped Cu-O planes of high-T c superconductors 11 .
Therein, similarly to the present case, the charges move in a two-dimensional, strongly polar environment.
This work is aimed at completing the description of the lattice dynamics in BCGO by presenting its Raman phonon spectrum, as it comes out both from experimental observations
and from shell-model calculations.
II. EXPERIMENT AND RESULTS
Single crystals of Ba 2 CuGe 2 O 7 were grown and characterized as described in Ref. 12 .
The surface exposed to the radiation was a − c or b − c, as the a and b axes are degenerate. In the following, we shall conventionally assume that it was a − c.The Raman spectra
were measured with a Horiba LabRAM HR Evolution micro-spectrometer in backscattering geometry. Samples were excited by the 632.8 nm radiation of a He-Ne laser with 30 mW output power, linearly polarized. Polarization rotators, properly located along the internal optical path, allowed us to align the electric field E of the incident beam either along the crystalline axis a or along c. A small admixture of such polarizations could not be eliminated due to the finite numerical aperture of the microscope. We did not place an analyzer on the path of the back-scattered radiation as the grating itself, once tested on the 520 cm stability within ±2 K during data collection at each working temperature.
The results of Raman scattering in Ba 2 CuGe 2 O 7 are shown in Fig. 2 for the radiation polarized along the a axis and in Fig. 3 for the electric field along the c axis. For sake of clarity, only spectra taken at 80 K and 300 K are reported, as no major effects were found to affect the phonon lines at intermediate temperatures. In order to assign the observed spectral features we start from the factor-group analysis, which predicts for the P42 1 m unit cell of Ba 2 CuGe 2 O 7 the vibrational representation
where the E modes are doubly degenerate. After excluding the acoustic phonons (one B 2
and one E) and the 6 A 2 silent modes, one is left with 45 optical phonons which, due to the lack of inversion symmetry, are in principle all Raman-active: the 18 E and 10 A 1 vibrations of the ab plane, the 7 B 1 and 10 B 2 modes of the c axis. However, as the wavevector of the incoming radiation is aligned along the crystalline axis b, the selection rules for P42 1 m exclude the Raman lines of B 2 symmetry both with E along a and c 14 . The B 2 phonons are also infrared active (as the E ones) and most of them were reported in Ref. 10 . In Fig. 2 we detect, at 80 K, 24 lines with E along a (two of which are extracted from a couple of asymmetric lines by fitting to data a sum of Lorentzians) while 17 lines are observed with E along the c axis in Fig. 3 . Among the latter ones, however, only five are not replicas of those of the ab plane. Indeed, in the present geometry the A 1 modes are allowed in both polarizations. Moreover, as the Raman microscope has a rather large numerical aperture, E has a small component along the crystal b axis, which can partially mix the ab-plane modes with those of the c axis. Nevertheless, one expects that the E modes of the ab plane are either absent, or much weaker, when E is along c. The former case is that of modes 2 and 37 , the latter one of lines 4 and 42, as one can see by comparing with each other Figs. 2 and 3 where the intensities are on the same (arbitrary) scale. One thus obtains a first check of the assignment that is proposed in Table I . Given the high spectral resolution used in both experiments, the missing modes (three A 1 , one B 1 , and two E) are probably too weak to be observed. Table I . Each S R j value is proportional to the area of the j-th Lorentzian, normalized to that of the strongest Raman line. In the same Table are Table I , the agreement between the theoretical calculations and the observed Raman frequencies is very good, with discrepancies which are only seldom larger than 10 %. In order to evaluate the agreement with the infrared observations for the E and B 2 modes, one should consider that in the back-scattering configuration the Raman modes are longitudinal, while those observed in the infrared experiment are transverse.
Moreover, the uncertainty on the infrared frequencies may be larger than for the Raman ones when several lines are close to each other. Indeed, in this case, the Kramers-Kronig procedure becomes less effective in separating the real and imaginary part of the dielectric function, which are mixed with each other in the reflectivity spectra.
Concerning the Raman intensities, it is worth noting that some of the strongest Raman modes are also intense IR modes, being the structure highly non-centrosymmetric. Moreover, most of those lines are found at the vibrational frequencies expected for the CuO or the GeO bonds (around or above 500 cm −1 ): see, e-.g., mode 38 in Table I and Fig. 5-d . Indeed, the cross-section for inelastic light scattering with creation of a phonon α is proportional to the 
